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THESIS STUCTURE 
The thesis is divided into four parts: introduction, background information of 
fragrance material, analyses of AC in exposure systems and a paper manuscript, 
which includes results, discussion and conclusion of the present study. 
As a combined study of effects of marine polychaete, Capitella sp. I on the fate of 
acetyl cedrene in aquatic environment, the sediment, deposit feeders and test 
organisms are introduced in first part to give a rough idea about the ecotoxicological 
information. Secondly, ecological importance of test compound is illustrated in 
fragrance material background information. As their ubiquitous distribution in 
surroundings, they pose potential effects on us. But to environment conservation, the 
fate of fragrance material is still missing, especially when organisms is present. 
Thirdly, detailed methods used in AC analyses in exposure system is described, which 
focus on more practical details for a student like me in familiar with GC-MS 
operation and acetyl cedrene quantification. Finally, a paper manuscript is added in 
the end of the thesis to provide the main investigations of present study.  
I hope the readers will enjoy it. 
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INTRODUCTION 
Sediment associated contaminants pose a high risk on deposit feeders. Hydrophobic 
contaminants released into aquatic environment, sorb on living and non-living 
particles in water column and subsequently deposit on sediment surface. Those 
organisms feeding on organic matter in sediment increase the possibility of 
contaminant uptake because of the high concentration of sediment associated 
contaminants, like acetyl cedrene. There is increasing evidence that food uptake (i.e., 
particle ingestion) is an uptake route of importance for deposit-feeding invertebrates 
(e.g., Selck H 2002; Bach et al. 2005). Furthermore, risk assessment of contaminants 
has mostly been based on results extrapolated from individual-level responses (e.g., 
survival, reproduction, growth) assessed under constant environmental conditions (i.e., 
in the laboratory) (van Leeuwen & Vermeire 2007). Effects of contaminants can, 
however, be detected at higher-levels of biological organization (e.g., populations, 
communities, ecosystems) (Levin et al. 1996; Forbes & Calow 1999). Thus, by using 
the traditional standard methods for sediment toxicity testing, possible interaction of 
contaminants and for instance of population densities in the field may be neglected. 
Especially for opportunistic species, such as Capitella sp. I, which is in the initial 
group of organisms colonizing polluted areas. These organisms therefore have 
evolved to deal with any possible hazard in the environment. The role of sediment as 
contaminant sink may be changed by possible effects of deposit feeders on 
contaminant fate. 
The overall aim of the present study was to assess the fate and effects of 
sediment-associated acetyl cedrene (AC) in the marine environment using the 
deposit-feeding polychaete Capitella sp. I as a model organism. Capitella sp. I was 
exposed in groups (i.e., different population densities) to a range of sediment 
concentrations of AC over the same time scale. This design was used in two different 
experiments, differing in sediment organic matter contents (i.e., food availability). 
Thus, the present study aimed to assess the fate and effects of sediment-associated AC, 
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by addressing the following questions:  
1) Does the presence of Capitella sp. I affect the fate of sediment associated AC? And 
if so, how? 
2) How do sediment-associated AC affect Capitella p. I at different population 
density? 
3) In habitats with different organic matter content, will the effects of 
sediment-associated AC on Capitella sp. I be different? 
1.1 Sediment composition and natural degradation 
Sediment is a complex system of structure and components with diverse physical 
chemical properties. According to structure classification, sediment consists of 
particles (i.e., sand, solid organic particles) and interstitial water. Primary production 
in the overlying water column (dead plant tissues, algae etc.) eventually deposit as 
organic matter on the sediment surface. During natural degradation processes, 
dissolved organic matter may be distributed in interstitial water or overlying water. 
The partitioning of a contaminant between water and sediment depends on a number 
of factors such as its water solubility, pH, redox potential, affinity for sediment grain 
size, sediment mineral constituents (oxides of iron, manganese and aluminum) and the 
quantity if acid volatile sulfide (Di Toro et al. 1991). Therefore sediment is a complex 
and heterogeneous system including organic matter in various stages of 
decomposition. 
During natural degradation, many abiotic reactions may happen such as oxidation, 
hydrolysis and photolysis involving direct reaction with oxygen, water and light 
(Newman & Unger 2002). The most important process in natural degradation of 
contaminants is biotic biotransformation and degradation by microbes, which may 
partially degrade contaminants into more soluble byproducts increasing the removal 
out of the sediment. The biotransformation and degradation of microbes on 
polychlorinated biphenyls (PCBs) has been well studies, and key enzymes biphenyl 2, 
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3-dioxygenases has been characterized (i.e., Pieper 2004).  
1.2 Burrowing deposit feeders 
Deposit-feeders feed on the organic matter extracted from sediment particles, and as a 
consequence on potentially hazardous organic sediment-associated contaminants. 
Bioturbation (burrow and feeding) produced by burrowing deposit feeders not only 
affect the structure and composition of sediment, but also disrupt possible equilibrium 
of sediment associated contaminants established between sediment and the overlying 
water phase (Landrum et al. 1996; Andersen & Kristensen 1991). This disruption 
depends on species specific feeding habit, mobility and life cycle (Krantzberg 1985). 
For example, Capitella sp. I, burrowing in the top few centimeters (0-5 cm) of the 
sediment core, could mix the sediment particles in their reworking zone. These worms 
feed in a ‘conveyor belt’ way, which they feed on organic matter in the sediment (~5 
cm depth) and defecate on the sediment surface (Grassle & Grassle 1974 and 1976). 
One possible result of this feeding behavior is that the sediment associated 
contaminants may be transported into the depth on sediment surface as fecal pellets 
associated contaminants (Madsen et al. 1997). In addition, benthic deposit feeders 
usually pump water through their burrows by active ventilation. In contaminated 
sediment, when the deposit feeders pump the water through burrows, they also 
released the contaminants soluble in interstitial water out of sediment (Andersen & 
Kristensen 1991), which will be potentially available to all organisms in the 
reworking zone. 
1.3 Capitella sp. I 
Capitella sp. I is a member of the Capitella Capitata sibling species complex, which 
can be distinguished only by examining enzyme and general protein patterns. They 
have different reproductive features, as well as tolerance to natural and anthropogenic 
stressors (Gamenick & Giere, 1994; Linke-Gamenik et al. 2000; Gamenick et al. 
1998). C. capitata is cosmopolitan deposit-feeding polychaetes dominating 
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organically enriched sediments, such as areas of fish farm waste (Tsutsumi 1987), 
sewage sludge (Change et al. 1992), paper mill effluent (Pearson & Rosenborg 1976) 
and oil spills (Sanders et al. 1980). In such organic enriched areas populations of C. 
capitata can reach densities of up to 400,000 per m2 (Méndez et al. 1997). Therefore 
C. capitata has been suggested to be indicators of organic pollution/enrichment 
(Grassle & Grassle 1974; Méndez 2002).  
Capitella sp. I has been described as the most opportunistic species within the C. 
capitata sibling species (Grassle & Grassle 1974). They are red colored, 
semi-transparent worms with a body weight of up to 15 mg wet weight (Selck 2002). 
Capitella sp. I was chosen as a model organism in present study as it lives in and feed 
on sediment particles. In addition, Selck et al. (2003a and b) showed that exposure 
routes of fluoranthene to Capitella sp. I, affected both effects of the worm and the 
environmental fate. Madsen et al. (1997) demonstrated that Capitella sp. I is an 
important bioturbator by transporting contaminants buried in depth to the sediment 
surface as fecal pellets, which may be contributed by such a high population density. 
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BACKGROUND INFORMATION 
Fragrance materials (FMs) are a group of compounds, used ubiquitously at low 
concentration in perfume, cosmetics, detergents and candles etc, to get desired scent. 
About 40% of FMs are used in cosmetics and perfumery products (Bicker et al. 2003). 
Synthetic FMs have been popular since 1990s, because the declining cost of 
substitution of natural FMs from synthetic origins. Today almost all FMs used in 
cosmetic and fragrance products are artificial. The upward trend was observed in their 
production, for instance, production of polycyclic musk, one group of FMs was 
increased from 4300 tones/year in 1987 to 6500 tones/year in 2000 (Rimkus 1999; 
Peck et al. 2006) and the majority of FMs have volumes less than 1mT/year (RIFM; 
Berbetta et al. 1988). The potential exposure to FMs in our environment is very high, 
especially for those products that are added directly on the skin. Therefore, Research 
institute of fragrance materials (RIFM) was established in 1966 as an international, 
independent, non-profit organization to assess the potential effects of FMs on human 
health and on environment (Salvito et al., 2004). 
FMs is comprised by 2100 discrete organic compounds classified into 22 major 
structural classes, including ester, alcohol, aldehyde, ketone, musk, hydrocarbon, ether, 
organic acid and so on (Bickers et al., 2003; RIFM). They exhibit a wide range of 
physical and chemical properties. Some of them are semi-volatile and some are very 
volatile; some are soluble in water whereas others are not. The octanol-water 
partitioning coefficient (Kow), used to represent these materials, varies for each FM. 
Because of the variation in their molecule structure, the correlation of structure and 
properties do not exist in FMs (Salvito et al., 2004). 
The primary pathway of FMs into the aquatic environment is ’down-the-drain route’ 
(Salvito et al., 2004). FMs are disposed or discharged into the environment on a 
continual basis via domestic and industrial sewage systems (Daughton & Ternes 
1999). Consequently, FMs have been found in different aquatic metrics, such as water 
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volume, sediment, and sewage sludge (Paxeus 1996; Rimkus & Wolf 1995). In the 
survey of FMs removal in 17 USA and European wastewater treatment plants between 
1997 and 2000, concentration of 16 different FMs were detected and shown a 
variation in final effluent concentrations from 4620 ng/L of HHCB (Galaxolide) to 10 
ng/L of isobornyl acetate (Simonich et al. 2002). In addition, biotransformation of 
HHCB (Galaxolide) and AHTN (Tonlide) by two fungi in freshwater environments 
was converted into various products via initial hydroxylation at difference carbon 
position (Claudia et al. 2007).  
Most FMs are hydrophobic chemicals, which mean they will sorb on particles in 
receiving water and subsequently deposit on the sediment surface. This sediment-sink 
may cause potential toxic effects on subsequent sediment-dwelling animals. However, 
nothing is know about the potential toxic effects of FMs on these organisms. Since the 
first report about bioaccumulation of FMs in fish, FMs have been found in mussels, 
clams, sea mammals, sea birds and even in human blood, adipose tissue, and human 
milk (Gatermann et al. 1999; Fromme et al. 2001; Kallenborn et al. 1999; Gatermann 
et al. 2002; Suter-Eichenberger et al. 1998; Eisenhardt et al. 2001; Rimkuset et al. 
1994). Many risk assessment related studies have been performed on polycyclic musk 
and nitro musk - two groups of fragrance materials (Balk & Ford 1999a, 1999b; 
Rimkus 1999; Heberer 2002, etc.). Even low concentrations of these musk 
compounds was reported to inhibit multixenobiotic resistance (mxr) mechanisms in 
mussels to cause cell type-dependent anti-estrogenic effects and to inhibit larval 
development in marine copepods (Luckenbach et al. 2005; Schreurs et al. 2002; 
Wollenberger et al. 2003). The use of nitro musks were decreased by the voluntary 
restrictions of the International Fragrance Association (IFRA) in Europe 
(http://ifraorg.org). Synthetic musk compounds have recently been recognized as 
important organic contaminants in the aquatic environment. Due to their persistence 
and low polarity, synthetic musks can be accumulated in the environment (Kallenborn 
et al. 1999). 
In survey of USA and European, acetyl cedrene is one of FMs with highest effluent 
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concentration into receiving aquatic environment, and range from 0.02μg/L to 3μ
g/L after wastewater treatment (Simonich et al. 2000 & 2002). In addition, due to the 
high octanol-water partitioning coefficient (Log Kow=5.6-5.9), and low water 
solubility (1.28 mg/L) of acetyl cedrene, it may sorb on particles in the water colume 
and deposit on sediment surface to a high concentration. However, the fate of 
sediment-associated acetyl cedrene and potential effects on aquatic organisms is 
limited despite of an increase in the release to the aquatic environment. AC has been 
tested in Neries virens, the growth pattern of which was varied over exposure time in 
sediment with AC significantly during 2 and 4 weeks exposure (Ramskov et al. In 
prep.). Therefore, AC was chosen as the model FMs. 
Acetyl cedrene (CAS 32388-55-9) 
 
AC is yellow liquid at ambient temperature with a molecular mass of 246.39 Da. The 
maximum wastewater effluent concentration of AC is 1.4μg AC/L (Simonich et al. 
2000), its water solubility is 1.28 mg/l (12) and its other chemical-physical properties 
are listed as following (Simonich et al. 2000 and 2002; RIFM):  
Molecular Formula: C17H26O 
Octanol-Water Partition Coefficient (Log Kow): 5.6-5.9 
Vapor pressure: 0.058 Pa 
Water solubility: 1.28 mg/L 
Sorption coefficient for activated sludge (Kd): 12020 l/kg 
Boiling point: 272 °C 
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AC ANALYSES IN EXPOSURE SYSTEM 
It was shown in Figure 1, different density (0, 55 and 110 individuals per beaker) of 
Capitella sp. I was exposed to 3 AC contaminated sediment (0, 50 and 100 μg AC/g 
dw sed) during 14 days with 3 replicates. Two experiments were performed at the 
same conditions except in experiment 2 only two AC concentration (0 and 100μg 
AC/g dw sed) were examined. After 14 days, each exposure system was separated 
into 4 compartments: sediment, fecal pellets, biota and overlying water. 
 
 
Figure 1. The experiment design in present study. (a) Experiment design of experiment 1; in the 
experiment 2, the group of 50 μg AC/g dw sed was deleted. (b) One of the exposure system at the 
experiment termination. It was divided into 4 compartments: overlying water, fecal pellets, sediment 
and biota. 
3.1 Sample preparation before GC-MS analysis 
After sampling of 4 sediment compartments, they were divided into 3 groups: Two 
groups of solid matrices (sediment, fecal pellets and biota) and an aqueous matrix 
(overlying water). The extraction method of the solid matrices was the same as 
Simonich et al. (2002). Depending on the possible concentrations of AC in the 
extracts, the extracted solvent volume was reduced by evaporation (SE 500, rotary 
evaporation). The AC-recoveries of different matrices are listed in Table 1. Briefly, the 
samples were prepared as described in the following:  
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Figure 2. The ASE 200 accelerated solvent extraction system (Dionex, Hvidovre, Denmark) (left) and 
the cell used for sample packing (right).  
·Solid samples 
Solid matrices, including sediment, fecal pellets and biota, were extracted using 
an accelerated solvent extraction system (ASE 200, Dionex, Hvidovre, Denmark) 
(Figure 2). A known amount of solid material (sediment: 1 g ww; fecal pellets: 
0.5 g ww & biota: 20% of population biomass) was thoroughly mixed with 3 g 
hydromatrix, the appropriate concentration of IS (internal standard: d6-AC) and 1 
mL deionized water. The hydromatrix served to dry the sample, reduce particle 
clumping, and solvent channeling in the extraction cell. Deionized water was 
added in order to decrease evaporation of the semi-volatile AC compound. 
A filter was first inserted in the bottom of a 33 mL ASE extraction cell (Figure 2b) 
and filled with 3 g of silica gel (80 μm, activated for 15 h at 105°C) followed by 
approximately 5 g diatomaceous earth (i.e., brand name Hydromatrix) mixture. 
The free space in the cell was filled with hydromatrix and packed tightly using a 
wooden rod. The silica was added to the bottom of the extraction cell as an 
extract purification step.  
The ASE cell containing the solid/hydromatrix mixture was placed on the ASE 
unit and extract with dichloromethane (Lab-scan HPLC, Poland) at 60°C and 
2000 PSI in static mode for 15 minutes. The CH2Cl2 (about 30 mL) was flushed 
from the cell into a collection vial and this process was repeated twice to ensure 
good analyte recovery. A known volume toluene was added into the 60 mL 
extract, and concentrated on SE 500 solvent evaporator systems (Dionex, 
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Hvidovre, Denmark) at 75°C. The water added before extraction and CH2Cl2 
solvent were evaporated. In addition, blank determinations (no AC or d6-AC 
addition into hydromatrix) were done with every batch of extractions.  
·Aqueous matrices 
Strata-X SPE-columns (100 mg/6 ml, Phenomenex, USA) were chosen to isolate 
and upconcentrate the AC from the aqueous samples. The column was first 
conditioned by methanol (5 mL, Lab-scan HPLC, Poland), and equilibrated with 
deionized H2O (5 mL). Then the aqueous sample was loaded until the whole 
column was dry. N2 was used to remove the water drops on the column inner 
walls. In the last step acetyl cedrene was eluted by a 5 mL mixture of 
methanol/acetonitrile (v/v=1/1, Lab-scan HPLC, Poland). Molecular sieves (3Å) 
was added into each extraction sample and stored at 5°C overnight. Extraction 
samples were evaporated on SE 500 solvent evaporator systems to 1mL at 75°C. 
The recoveries of AC extraction in different compartments (sediment biota and water) 
were shown in Table 1. 
 
Table 1. AC-recoveries from sediment, biota and water samples. (Results obtained by P. Christensen) 
Compartments  Recovery (%) replicates 
Sediment Extraction 100±7 24 
 evaporation 99±1 6 
Biota¶ extraction 70±10 9 
Water 2 mL 48 1 
 5 mL 61 1 
 10 mL 66 1 
 15 mL 70 1 
¶ Nereis was used instead of Capitella as biota samples in recovery measurement. 
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3.2 Analysis and quantification of AC by GC-MS 
GC-MS is hyphenated technique composed of a gas chromatograph and a mass 
spectrometer and used to identify and quantify different substances in a mixture. The 
molecules in a complex mixture may either be separated by their different elution 
times through the column (the retention time) and or separated by monitoring 
different fragmentation ions of the molecules by the mass spectrometer (selective ion 
monitoring SIM). Due to the very high separation power and sensitivity of the 
GC-MS technique, GC-MS has been used widely, such as drug detection luggage 
security in the airport and environmental analysis, etc. 
 
Figure 3. The GC-MS (Agilent 6890/MSD 5790) with an Agilent 7683 autosampler used in this 
project. The GC part of the instrument consists of gas supply unit, auto-sampler, injector and a 
capillary column; and an electron impact (EI), quadrupole mass spectrometer is used as the MS part. 
 
A GC-MS machine can be divided into a gas chromatograph (GC) and a mass 
spectrometer (MS) as shown in Figure 3. The gas chromatograph includes a gas 
supply unit, sampling unit, column unit and detector unit. After the analytes are 
separated by the gas chromatograph, they enter the ionization chamber of the mass 
spectrometer where they are ionized by 70 eV electrons produced by a filament, 
selected through a magnetic field tunnel (i.e. quadrupole) and detected. GC-MS is a 
complicated system. The key instrumental parameters in the GC-MS method are 
column temperature program values and the mass spectrometer settings including 
scan or SIM mode option, mass range in scan mode (TIC) or specific m/z monitoring 
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values in SIM. 
The capillary column is the most common column used today. The long narrow 
tubular column (length: 15-100 m; inner diameter: 0.10-0.53 mm) is coated with fused 
silica (SiO2) and polyimide coating layer. The internal side of the column wall is 
coated with a polymer with a thickness of typically 1-8 µm. A suitable oven 
temperature program is set to obtain a good separation. 
3.2.1 Separation methods of AC and d6-AC 
All extracts were analyzed by a Agilent 6890/ MSD 5973 GC-MS using selected ion 
monitoring (SIM) with the ions m/z=252, 246, 234, 231, 167 and 161 (Table 2) 
(Mitjans & Ventura, 2005; Simonich et al., 2000). Several GC-columns were used 
during the whole project and the detailed separation conditions are shown below (see 
also Figure 4): 
 Program 1: Samples were injected splitless (1 µL) onto a nominal 30 m × 250 µm 
× 0.25 µm DB-1701 GC column (J&W, USA). The GC temperature programmed to 
initially start at 35°C held 2 min, ramped at 20°C/min to 160 held for 12.5 mins, then 
ramped at 50 °C/min to 200°C held 2 mins, and finally ramped at 20°C/min to 280°C 
held for 2 mins. Solvent was DCM. 
 Program 2:  Samples were injected splitless (1 µL) onto a nominal 30 m × 250 
µm × 0.25 µm DB-1701 GC column (J&W, USA). The GC temperature programmed 
to initially start at 80°C held 1 min, ramped at 20°C/min to 165 held for 8 mins, then 
ramped at 50 °C/min to 200°C held 2 mins, and finally ramped at 20°C/min to 280°C 
held for 5 mins. Solvent was toluene. 
 Program 3: Samples were injected splitless (1 µL) onto a nominal 30 m × 250 µm 
× 0.25 µm DB-1701 GC column (J&W, USA). The GC temperature programmed to 
initially start at 50°C held 2 min, ramped at 20°C/min to 165 held for 10 mins, then 
ramped at 50 °C/min to 200°C held 2 mins, and finally ramped at 20°C/min to 280°C 
held for 5 mins. Solvent was methanol/acetonitrile (v/v=1/1). 
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 Program 4: Samples were injected splitless (1 µL) onto a nominal 20.0 m × 180 
µm × 0.18 µm ZB-5HT Inferno column (Phenomenex, USA). The GC temperature 
programmed to initially start at 35°C held 2 min, ramped at 20°C/min to 160 held for 
12.5 mins, then ramped at 50 °C/min to 200°C held 2 mins, and finally ramped at 
20°C/min to 280°C held for 2 mins. Solvent was toluene. 
 
Figure 4. 4 GC temperature programs were used in separation of AC from d6-AC during the project 
period. The initial temperature of the temperature programs (Figure II-3) was related to the solvent 
used in sample preparation. The maximum temperature is set 20 ºC lower than the max temperature 
of the column. 
 
3.2.2 Identification 
The identifications of AC and d6-AC in samples were based on (1) retention time 
comparison between standard materials and samples from the same sample batch. The 
standard reference mixtures consisted of known concentrations of AC and its 
deuterated compound (d6-AC) in e.g. dichloromethane, which depended on the 
solvent used in GC-MS vials of samples. For instance, the solvents were shown in 
Table 3 for different samples. Peaks in the chromatogram were only identified when 
two criteria were meeting: 1) the retention times of the peaks in samples should match 
with those of AC and d6-AC retention times in standards within a margin below ± 1%, 
from the same batch. (2) The intensities of the SIM m/z values of the peaks should 
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match the intensity ratios obtained in the mass spectra of AC and d6-AC respectively. 
We used the selective ion values m/z ions used in the studies of Mitjans & Ventura 
(2005) and Simonich et al. (2000), except for the ions of the internal reference 
compound which were modified in present study (Table 2). The d4-acetyl cedrene was 
used as internal reference compound by Simonich et al. (2000) whereas we used 
d6-AC. See the identification of AC and d6-AC in one of the samples (Figure 4).  
 
Table 2. Quantification and confirmation ions of acetyl cedrene (AC) and d6-acetyl cedrene (d6-AC). 
 
Quantization ion 
(m/z) 
Confirmation ions (m/z) 
(1)† (2) 
AC 246 161 231 
d6-AC 252 167 234 
† the confirmation ion (1) was used as quantification ion in quantification of some samples, which 
depended on the spectra when it was quantified. 
 
 
Usually, the quantification ion is set as the ion with the highest abundance. For 
instance, m/z=161 was used in quantification of acetyl cedrene (Figure 4). But in 
some samples (e.g., sediment samples), m/z=246 was used as the quantifier ion of AC 
instead of m/z=161. Because as shown in Figure 5, the peak of m/z=161 contained a 
part of impurities at 21.30 min than m/z=246. 
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Figure 4. An example of a gas chromatogram of the extract of a sample (nominal concentration: 50μ
g AC/g dw sed, without worm): (a) The chromatogram obtained by SIM with the ions m/z =252 and 
246, shows the SIM traces of d6-AC (black) and AC (blue) in a typical sediment sample with nominal 
AC concentration of 50 μg/g dw sed. in absence of worms). The concentration of d6-AC in the 
GC-MS vial was 1175µg/L.  
 
 
Figure 5. A representative chromatogram showing the traces of the three acetyl cedrene SIM ions 
m/z=161 (red), m/z=231 (blue) and m/z=246 (black). The baseline of m/z=161 was interfered by the 
background noise. Therefore m/z=246 was used instead in quantification of AC. 
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3.2.3 Stability of GC-MS machine and systematic errors 
The stability of GC-MS machine was tested by retention time changes of AC during 
sample analyses. The retention time in each program was plotted in Figure 6. Because 
of the difference of analysis methods, the retention time of AC was varied. In addition, 
the retention time of AC was different from batch to batch. For example, the variation 
of the AC retention times obtained by GC temperature program 3 was so large (Δ
Rt=3 min) between batch 1 and batch 2. The retention times of AC decreased in batch 
2 of GC temperature program 2. Something happened during AC analysis of these 
batches. There was no obvious difference of AC retention time in other batches of GC 
temperature programs. The variation in the retention times may however be due to a 
very simple explanation. Once in a while between some batch runs the column (50 m 
long) was cut (20 cm). Such a column length change will approximately decrease the 
retention times by 4 %.   
 
 
Figure 6. The AC retention times of all samples. There was no difference in AC retention time in 
‘Program 1’ and ‘Program 4’. Difference was observed in ‘Program 2’ and ‘Program 3’ within and 
between batches. 
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The aforementioned changes of AC retention time within batches (batch 1, program 2) 
may cause some systematic errors in feeding the GC-MS automatic quantification 
program with the right retention times of the analyte molecules. An incorrect retention 
time may affect the quantification procedure of the machine.  
A well designed sample strategy was used for each GC-MS batch of samples (Figure 
7). Each GC-MS sample batch included samples, standards and blank determinations, 
and the sample vials were arranged randomly in the auto-sampler. For every 4 sample 
vials one cleaning sample (pure solution of dichloromethane) was included. 12 
samples at most were measured in each batch.  
 
Figure 7. The batch strategy was utilized to 
avoid possible carry over during analyses. Pure 
solution (e.g., CH2CL2) used to wash the 
syringe; standards, samples and blanks were 
arranged and measured on GC-MS randomly. 
 
 
The batch strategy was designed in order to reduce carry over from one injection to 
the next which could interfere on the analyte quantification. We used several ways to 
decrease this influence of carry over. First, pure solvents (e.g., dichloromethane) were 
used to wash the syringe of GC-MS between samples runs, which could decrease the 
possibility of carry over between two injections. Secondly, blank sediment samples 
(no AC or d6-AC addition into extraction cells) were extracted together with the AC 
containing samples in order to detect any carry over during the whole experimental 
process from extraction to the GC-MS analysis. If AC or d6-AC was detected in these 
blank determinations, the amount of AC was subtracted from that in samples in the 
same batch to get the corrected AC concentrations.  
3.2.4 Calibration and quantification 
In order to obtain correct results of the concentrations of AC in each components of 
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the exposure system (i.e., sediment, overlying water, fecal pellets and worm body), 
the possibility of systematic errors should be considered. Systematic errors may occur 
from instrument instabilities and during sample preparations, such as inaccurate 
weight/volume measurements during standard solution preparation. Besides the 
stability checks of the GC-MS machine performed by Peter Christensen, a calibration 
profile of ‘multiple point-internal standard method’ was used to decrease mentioned 
systematic errors on quantification. The principles behind the multiple point-internal 
standard method is that, several standards solution of AC with known concentration 
are chosen in the relevant concentration range (Figure 8, Table 3). In samples from the 
same batch, the same known amount of d6-AC is added into each standard solution to 
get multiple point standard AC solutions with a constant concentration of the internal 
reference compound (d6-AC). In my analyses, the calibration curve was obtained as 
the response ratio against amount ratio. The response ratio is the ratio of peak areas of 
AC and d6-AC. The amount ratio is the ratio between the AC and d6-AC amounts in 
µg, for instance, calculated from the concentrations of standards solutions times the 
volume in sample vial. 
Then the quantification of AC in samples can be made based on calibration curve got 
from a series of standards from the same batch. A relationship between AC and  
d6-AC is shown as equation ①. 
 
 
Where AAC=peak area of acetyl cedrene; A d6-AC = peak area of d6-acetyl cedrene; 
CAC=concentration of acetyl cedrene; Cd6-AC = concentraiton of d6-acetyl cedrene; 
mAC=amount of acetyl cedrene; md6-AC = amount of d6-acetyl cedrene; V’ and V’’= 
volume of solutions with AC and d6-AC in the GC-MS vials before analysis. 
Peak areas of both compounds were obtained from integration of the chromatogram, 
containing a known amount of the internal standard d6-AC. 
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Figure 8. One of the calibration curves obtained from experimental data (Fecal pellet samples)  The 
response ratio (the response is measured as the ratio of ion m/z 246 peak area to ion m/z 252 peak 
area ) is plotted as a function of the amount ratios of AC to d6-AC. The 6 standards cover the amount 
range of the samples. When the response ratio in these samples is known, the amount of AC may be 
calculated from eq. ②. 
 
The amount ratio can be calculated based on the regression of response ratio (y-axis) 
and amount ratio (x-axis) (Figure 8). In present experiment preparation, the 
concentration of standard solutions was prepared based on the volume in GC-MS 
vials of samples before analyses (V’=V’’), so the relationship of compound and 
internal reference compound can be expressed into equation ②. 
  
 
 
Where AAC=peak area of acetyl cedrene; Ad6-AC = peak area of d6-acetyl cedrene; 
CAC=concentration of acetyl cedrene; Cd6-AC = concentraiton of d6-acetyl cedrene; 
mAC=amount of acetyl cedrene; md6-AC = amount of d6-acetyl cedrene; V’ and V’’ = 
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volume of solution in GC-MS vial ready for the analysis. 
Accurate AC quantification depends on accurate peak area determinations which    
depends on the peak shape (e.g., no tailings), interference from impurities and 
electronic noise and retention time stability of the d6-AC peak. The quantification of 
AC may be slightly overestimated due to the small AC impurity in the d6-AC standard. 
Estimated from the ratio of the peak intensities of m/z=246 and m/z=252 in the mass 
spectrum of d6-AC (see Figure 9) the d6-AC standard contains about 3 % of AC. 231 
and 161 in EI SIM mass spectrum of d6-AC solution (Figure 9), which may 
contributed to the peak area of AC in samples. In addition, cautions were also made 
on the units of the quantification results. As the amounts of AC and d6-AC in standard 
solutions were uploaded to obtain the calibration curve in present experiment, the 
units in quantification results was the mass unit (i.e, μg and ng). Then the amount of 
the AC in samples was transferred into concentration based on the sample mass used 
before extraction. 
 
Figure 9. The gas chromatograph (a) and EI SIM mass spectrum (b) of sediment only with d6-AC 
(1175 μg/L). The ions of AC (m/z = 246, 231 and 161 etc) were observed. The intensity of m/z 252 
was 1380 and that was 42 of m/z 246, which mean that the d6-AC may contribute 3% to AC 
quantification of samples. 
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3.2.5 Detection limit and quantification limit 
The detection limit (LOD) and quantification limit (LOQ) was calculation based on 
the signal to noise ratio of acetyl cedrene. LOD was defined as the signal to noise 
ratio of 3 and LOQ was set at signal to noise ratio of 10. 
 
Figure 10. GC-MS chromatogram of an AC solution with the concentration 109.5 ug/L. The LOD 
was calculated from the signal height of the AC peak divided by the noise. The signal and noise can 
be obtained as in the Figure. The signal height is the height from baseline of AC peak to the peak top; 
the noise is the height of noise divided by 2. 
 
The standard with the lowest AC concentration (e.g., 109.5 µg/L) was chosen to 
evaluate LOD. The signal of AC or d6-AC was obtained as shown in Figure 10. The 
noise was obtained by average noise height divided by 2. LOD and LOQ can be 
expressed by equation ③ and ④, respectively.  
 
Where CAC=concentration of acetyl cedrene, in the standard with the lowest 
concentration of AC; Vinjection= injection volume=1μL here; (S/N)AC= the signal to 
noise ratio in the same standard. The LOD and LOQ of AC in different compartments 
of exposure system were listed in Table 3. 
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3.2.6 Detailed information of analyses in 4 compartments 
As mentioned in the experiment design, the detailed sample analysis information 
(methods, standards concentration used for quantification, solvent, retention times) of 
the 4 compartments are listed in Table 3.  
 
Table 3. The detailed information of the GC-MS AC quantifications, retention times of AC and d6-AC, 
detection limits (LOD) and quantification limits (LOQ). 
Samples Program  
Standards AC 
Conc. Range (g/L) 
Solvent 
RT 
AC 
RT 
d6-AC 
LOQ 
pg 
LOD 
pg 
Sediment 1 0.1-1.6 DCM 21.45 21.38 9  3  
Sediment‡ 
2 
0.1-4.9 
Toluene 15.94 15.91 
10  3  
Biota 0.1-0.9 31  9  
Water 3 0.3-4.4 MeOH/ACN 18.66 18.61 75  22  
FP 4 0.2-2.2 DCM 11.83 11.78 13  4  
‡ The difference between sediment samples analyzed by program 1 and program 2 was: Sediment 
samples analysed by program 1 were preformed first and if the AC concentration level was far below  
the AC quantification range in the standards, the sample volume of these samples were reduced to a 
smaller volume (1mL) and re-analyed by program 2. Mean while, the standards was prepared with 
even lower concentration. 
 
The GC-MS chromatogram of one of samples (sediment, nominal concentration: 50μ
g AC/g sed without worms) was shown in Figure 5. In addition, an EI full scan mass 
spectrum of pure AC is shown in Figure 12 (a). The m/z=246 was identified as the 
molecular ion of acetyl cedrene (M+·) which fragment to m/z=231 by an α-cleavage 
of a methyl radical ·CH3  (Figure 11). The cleavage of the neutral fragment 85 from 
m/z=246  m/z 161 has a more complicated fragmentation mechanism.  
 
Figure 11. α-cleavage of AC: M+· (M+·-15) + ·CH3 
Jaoui et al. (2004) proposed a fragmentation pathway of alpha-cedrene as shown in 
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Figure 12 (b). As the structure of acetyl cedrene is similar to the structure of 
alpha-cedrene, the fragmentation on cyclic part of alpha cedrene (m/z=119) may also 
happen on m/z=161 of acetyl cedrene. 
Figure 12. The EI full scan mass spectra of (a) acetyl cedrene (Christian P) and (b) alpha cedrene 
(Jaoui et al. 2004). As the structure of acetyl cedrene is similar to alpha-cedrene, the fragmentation of 
m/z=119 is propably similar to the fragmentation 161 of acetyl cedrene.  
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FATE AND EFFECTS OF SEDIMENT-ASSOCIATED ACETYL CEDRENE IN 
SEDIMENTS INHABITED BY THE DEPOSIT FEEDER, CAPITELLA SP. I  
 
ABSTRACTION: The combined effects of Capitella sp. I density and 
sediment-associated fragrance material (acetyl cedrene, AC) were examined on 
population level for Capitella sp. I (i.e., biomass, mortality and reproduction) and on 
fate of sediment associated AC in sediments with different organic matter contents 
(4% and 2.7%). After 14 days exposure to sediment-associated AC at different 
concentrations, a loss of more than 95% and 85% AC was observed in sediments of 
high and low organic matter contents, respectively in the presence of worms, whereas 
the removal was less than 31% and 13% in systems without worms. So, the presence 
of worms significantly reduced the concentration of AC in the sediment compared to 
systems without worms. However, no difference in removal of sediment-associated 
AC was observed at higher worm density compared to lower density. The remaining 
AC was concentrated mainly in fecal pellets and this to a higher magnitude than in 
sediment (a factor of 11- 32). The AC concentration in overlying water was minimal, 
and no AC was detected in worm tissues of Capitella sp. I. The implication from the 
present study is that Capitella play a key role in the biotansformation of organic 
contaminants, like AC, in the aquatic environment. No interaction of density and AC 
exposure concentration were found on either individual wet weights or on population 
biomass (wet weights) at either organic matter contents. It was observed that the food 
availability of individuals was density dependent, and which was intense by 
decreasing the organic matter content in sediment. A negative density influence on 
Capitella sp. I reproduction was observed at high density regardless of organic matter 
contents which may infer that energy allocation between reproduction and growth is 
changed at low density when exposed to AC. An increase of both individual and 
population wet weights with increasing AC concentration may be caused by the 
utilization of AC as a carbon source. However, the exact mechanism was not clear 
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from the results obtained in the present study. Capitella sp. I is one of the dominating 
organisms thriving in the organically enriched habitats just outside sewage outlets. 
Thus, since one of the most significant results from the present study is that worm 
presence affect the persistence of sediment-associated AC by increasing the removal 
(e.g., by biotransformation) severely, this may have implication for risk assessment of 
sediment-associated organic contaminants.  
 
Key words 
Acetyl cedrene, Sediment, Capitella sp. I, Population biomass, Density, 
Biotansformation 
 
INTRODUCTION 
Fragrance materials (FMs) have been used ubiquitously at low concentrations in 
perfume, cosmetics, detergents and candles etc, to get desired scent. The primary 
pathway into the aquatic environment is down-the-drain route on a continual basis via 
domestic and industrial sewage systems (Daughton & Ternes 1999; Salvito et al. 
2004). Consequently, FMs have been found in different aquatic compartments, such 
as water volume, sediment and sewage sludge (Paxeus 1996; Rimkus & Wolf 1995). 
As sediments are assumed to be sinks for FMs, which may potentially cause toxic 
effects on deposit feeders, in that they live in and feed on sediments. Since the first 
report about bioaccumulation of FMs in fish, FMs have been found in mussels, clams, 
sea mammals, sea birds and even in human blood, adipose tissue, and human milk 
(Gatermann et al. 1999; Fromme et al. 2001; Kallenborn et al. 1999; Gatermann et al. 
2002; Suter-Eichenberger et al. 1998; Eisenhardt et al. 2001; Rimkuset et al.1994). 
However, No published data is available about possible effects on deposit feeders. 
Moreover, most published papers about FMs are concerned with the polycyclic musks 
and nitro musks, which only represent two groups of FMs out of a total of 22 different 
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classes of FMs (i.e., esters, alcohols, aldehydes, ketones, musks, hydrocarbons, ethers, 
organic acids, etc.) (Bickers et al. 2003). Because the molecular structure of FMs vary 
widely, the prediction of FMs environmental behavior, based on correlation in 
structure and properties, cannot be performed. As one of the FMs with high final 
effluent concentration into receiving water (Simonich et al. 2000 and 2002), the high 
octanol-water partitioning coefficient (Log Kow=5.6-5.9, RIFM provided) and low 
water solubility (1.28 mg/L) of acetyl cedrene, it may sorb on particles in water 
column and deposit on the sediment surface to a high concentration. Therefore, acetyl 
cedrene (AC, methyl cedryl ketone) was chosen in the present paper to study its 
environmental fate and effects on deposit feeders. 
Capitella capitata is a cosmopolitan species living in organic enriched sediment, for 
instance, fish farm waste (Tsutsumi 1987), sewage sludge (Change et al. 1992), paper 
mill effluent (Pearson & Rosenborg 1976) and harbor with oil pollution (Sanders et al. 
1980). They feed selectively on fine organic enriched particles, whereby the 
possibility of intake of sediment-associated AC is enhanced. C. capitata consists of a 
complex of sibling species which can be distinguished only by examining enzyme and 
general protein patterns. They have different reproductive features, and tolerance to 
natural and anthropogenic stressors (Gamenick & Giere 1994; Linke-Gamenik et al. 
2000; Gamenick et al. 1998). 
Capitella sp. I is the most opportunistic of the sibling species (Grassle & Grassle 
1974). They are organic matter controlled and in organic enriched sediment, the 
population density can reach up to 400,000 individuals per m2 (Méndez et al. 1997). 
Capitella sp. I was chosen as model organism in the present study as it is an important 
bioturbator by transporting contaminants buried in depth to the sediment surface as 
fecal pellets (Madsen et al. 1997) combining with the high density in field, it may 
affect the fate of sediment-associated contaminants significantly. 
In the present study, the following questions will be addressed: 1) Does the presence 
of Capitella sp. I affect the fate of sediment associated acetyl cedrene? And if so, how? 
2) How do sediment-associated acetyl cedrene affect Capitella sp. I at different 
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population densities? 3) In habitats with different organic matter content, will the 
effects of sediment-associated acetyl cedrene on Capitella sp. I be different? Thus, 2 
experiments with different organic matter content (i.e., food availability) were 
performed to expose Capitella sp. I in groups (i.e., different population densities) to a 
range of sediment concentrations of AC over the same time scale. The fate of 
sediment-associated AC was evaluated by measuring AC in the different 
compartments: water, sediment, fecal pellets and worm tissue.  
 
MATERIALS AND METHODS 
General 
Sediment for both experiments was sieved (< 125 μm mesh size) after being collected 
from Isefjorden (55°40'N, 11°47'E, Munkholm, Denmark) in 2007 for experiment 1 
and in 2008 for experiment 2. The site is located far from any point sources of 
contamination, and analyses of the sediment used in experiment 1 for priority heavy 
metals and polycyclic aromatic hydrocarbons (PAHs) performed approximately one 
month prior to collection for experiment 1 indicated low levels of all contaminants 
(Ramskov T, Roskilde University, Roskilde, Denmark). In experiment 1, the water 
content in the sediment was 54.2% (±0.5%; n=3) and the organic matter content was 
4.0% (±0.1%; n=3) as determined by loss of water (12 hours at 105°C) and loss on 
ignition (6 hours at 550°C), respectively. The water and the organic matter contents in 
sediment used in experiment 2 sediment were measured by same methods as in 
experiment 1, and were 48.5% (±0.5%, n=3) and 2.7% (±0.5, n=3), respectively.  
Capitella sp. I 
Both experiments were performed with laboratory cultures of Capitella sp. I, which 
were reared in aquaria containing sediment (2-5 cm layer, particle size < 250 μm) and 
seawater (31‰ salinity) at 17°C in the dark. About 25 days before experimental 
beginning 60 and 40 brooding tubes for both experimemts were picked out of the 
laboratory cultures of Capitella sp. I at different time, respectively. The brooding 
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tubes were placed individually in small multi-well dishes (diameter = 4 cm) only with 
seawater and covered by wet tissue to avoid evaporation. Eggs hatched within 7 days 
after collection. The free swimming larvaes, ca 200 individuals were transferred into 
each big crystallization beaker (n = 9) which contained 21 g ww sediment (particle 
size < 125 μm), 100 ml seawater (31‰ salinity) and a needle air pump (L 40 mm × Φ 
0.8 mm). The beakers were covered by parafilm and kept at 17°C in the dark for 
about two weeks until the free swimming larvae had all settled and developed into the 
juvenile stage and it was visualized that the larvae contained hemoglobin (i.e., red 
color).  
Experimental treatments 
Two different population densities were included: 55 and 110 individuals of Capitella 
sp. I per beaker, which correspond to a density of 43,768 and 87,535 individuals/m2, 
respectively. In addition, to evaluate how Capitella sp. I affect the fate of 
sediment-associated AC, we included a control without worms using the same 
conditions as described above. 3 replicates were included in all treatments except for 
0 µg AC/g dry weight (dw) sediment without worms, which only included two 
replicates. All beakers were covered with para-film to prevent evaporation and air was 
provided by a needle (L 40 mm × Φ 0.8 mm) connected to an air pump. All beakers 
were placed in the dark at 17°C for 14 days. In order to detect the possible effects of 
different organic matter quantity, two experiments were employed (see organic matter 
content above). 
Experimental design 
Different treatments were employed in each of the two experiments to evaluate the 
effect of Capitella sp. I on AC fate. Three worm densities (0, 55, 100 worms per 
beaker) and three AC concentrations (0, 50 and 100 μg AC / g dw sed) were used. 
Clean sediment (no addition of AC, ‘control’) without worms was used to detect any 
possible effects of AC in natural sediments. The control groups with worms were used 
to evaluate the natural biomass increase in relation to initial worm density. 
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Contaminated sediment (50 and 100 μg AC/g dw sediment) without worms were 
included to examine the lost of sediment-associated AC by microbial degradation and 
evaporation by oxygen bubbling. The rest of the treatments (i.e., with AC), shown in 
Figure A, were included to provide information on the effect of worm density on the 
AC environmental fate and effects of AC on Capitella sp. I. The design was the same 
for both experiment 1 and 2, except that only two AC concentrations (0 and 100 μg 
AC / g dw sed) were used in experiment 2. 
Acetyl cedrene-spiked sediment 
Stock sediment of AC (1 mg AC/g dw sediment) was made by adding a known 
amount of AC to thawed homogenized sediment (particle size < 125 μm) in a glass 
beaker that was subsequently covered by parafilm and aluminum foil and shaken for 
24 hrs at room temperature in the dark. The wet masses and dry masses of known 
volumes (~1 g wet weight) sediment were determined. Treatment sediments with 
concentrations of 50 and 100 μg AC/g dw sediment were prepared as follows. A 
known volume of AC stock sediment was added to a known volume of thawed 
sediment (<125 μg particle size) in a glass beaker that was subsequently covered by 
parafilm and aluminum foil and shaken for 24 hrs at ambient temperature (~22°C) in 
the dark. Control sediment of 0 μg AC/g dry weight sediment (<125 μm particle size) 
was also shaken for 24 hrs at room temperature in the dark. Three new wet masses 
and dry masses of known volumes (~1 g ww) of treatment sediments were estimated. 
15 g ww sediment (control or AC-spiked) was transferred into treatment beakers (50 
ml × Φ 40 mm), and 30 ml seawater (31‰ salinity) was subsequently added.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                          
Experimental 
Two days prior to the start of an experiment, overlying seawater in treatment beakers 
was replaced by clean seawater (31‰ salinity) to remove dissolved colloids. 
Dissolved colloids have been proven to have negative effects on Capitella sp. I (Selck 
2002), but also the removal of them will ensure that any toxic effects of AC come 
only from the sediment-associated AC and not from eventual AC associated with 
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colloids. 
One day prior to the start of the experiment, worms were transferred from the big 
crystallization beakers, to a big tank with seawater (31‰ salinity) and left there 
overnight. The worms were approximately 12 days old at experimental beginning. In 
order to calculate the change in biomass during the experiment (2 weeks), a small 
sub-group of worms were picked randomly and videotaped by using an 
image-analysis software program (SigmaScan Pro software, ver. 5.0.0., SPSS, 
Chicago, IL, USA). Initial body volume was calculated according to Self & Jumars 
(1978): 
 
BV is body volume (mm3), estimated from measurements of projected area (A, mm2) 
and length (L, mm) assuming that worms are cylindrical in shape. The initial BV was 
in the range of 0.135 to 0.579 mm3 (mean: 0.157 ± 0.120 mm3, n = 21) in experiment 
1 and 0.125 to 0.559 mm3 (0.233 ±0.164 mm3, n=20) in experiment 2. There was no 
difference between the mean body volume at the experimental beginning between the 
two experiments ( Student’s t-test, p=0.288). 
Worms were picked and transferred randomly from the big tank with seawater to 
treatment beakers (50 ml × Φ 40 mm).  
Sampling 
Overlying water: Overlying water was gently sucked (until just before sediment 
particles were sucked into the pipette) from each beaker and transferred to 2 
scintillations vials (25 ml) with lids. The water samples were kept at -20°C in the dark 
until further chemical analysis. 
Sediment, fecal pellets and biota: After the overlying water had been removed, the 
sediment in beakers without worms was transferred into scintillations vials (25 ml) 
using deionized water to clean out the sediment. In the beakers with worms, clean 
seawater (31‰ salinity) was used to separate sediment and biota using a sieve (mesh 
 
BV = π × A
2
4 × L
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size of 0.263 mm), which was small enough to pick worms out. Subsequently, worms 
in each treatment were transferred into Petri dishes with clean seawater to defecate for 
24 hrs at 17 °C in the dark, where after they were transferred into pre-weighted 
centrifuge glass tubes. Furthermore, the exact number of worms or brooding tubes in 
each treatment was counted. Empty tubes were added into sediment samples after 
defecation. Sediment particles and fecal pellets were separated by test tubes using 
deionized water. All samples were kept at -20°C in the dark until further chemicals 
analysis. 
Feeding rate: The total amount of fecal pellets produced during the 14 experimental 
days in each treatment were weighted. The average feeding rate (g dw FP/day) was 
used to compare any possible effects on feeding. 
Acetyl cedrene analyses 
The samples preparation for the GC/MS analysis was modified from Simonich et al. 
(2000). The details follow below.   
Solid samples (sediment, fecal pellets, and biota): Solid matrices, including sediment, 
fecal pellets and biota, were extracted using an accelerated solvent extraction system 
(ASE 200, Dionex, Hvidovre, Denmark). Thawed samples were centrifuged at 3000 
rpm for 10 minutes to separate the solids from the aqueous phase except for the biota 
samples. The known amount solid samples (sediment: 1 g ww; fecal pellets: 0.5 g ww 
& biota: 20% of biota mass) were thoroughly mixed with 3 g hydromatrix (Dionex, 
California, USA), the appropriate concentration of IS (d6-acetyl cedrene, d6-AC) and 
1 mL deionized water. The hydromatrix served to dry the sample, reduce particle 
clumping, and solvent channeling in the extraction cell. Deionized water was used for 
decreasing evaporation of AC as it is a semi-volatile compound (vapor pressure is 
0.058 Pa, Meylan & Howard, 1993). 
The bottom of a 33 mL ASE extraction cell was first insert a filter and filled with 3 g 
of silica gel (80μm) followed by approximately 5 g solid/hydromatrix mixture. The 
free space in the cell was filled with hydromatrix and packed tightly using a wooden 
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rod. The silica was added to the bottom of the extraction cell as an extract purification 
step. 
The ASE cell containing the solid/hydromatrix mixture was placed on the ASE unit 
and extract with dichloromethane (DCM, Lab-scan HPLC, Poland) at 60°C and 2000 
PSI in static mode for 15 minutes. The DCM (about 30 mL) was flushed from the cell 
into a collection vial and this process was repeated twice to ensure good analyte 
recovery. A known volume toluene was added into the 60 mL extract, and 
concentrated on SE 500 Solvent Evaporator systems (Dionex, Hvidovre, Denmark) at 
75°C. The water added before extraction and CH2Cl2 solvent were evaporated. In 
addition, blank determinations (no AC or d6-AC addition into hydromatrix) were done 
with every batch of extractions. 12 samples at most were extracted in each batch. 
Aqueous matrices: Strata-X tubes (100 mg/6 ml, Phenomenex, USA) was chosen to 
manipulate the SPE of aqueous samples. The column was first conditioned by 
methanol (5 mL, Lab-scan HPLC, Poland), and equilibrated with deionized water (5 
mL). Then the sample was loaded until the whole column was dry. Nitrogen gas was 
used to remove the water drops on the column inner walls. The last step was that 
acetyl cedrene was eluted by 5 mL mixture of methanol/acetonitrile (v/v=1/1, 
Lab-scan HPLC, Poland). 3Å molecular sieves was added into each extraction sample 
and stored at 5°C overnight. Extraction samples were evaporated on SE 500 Solvent 
Evaporator systems to 1mL at 75°C. 
Sample analysis: Extracts were evaporated to known volumes and then transferred 
individually into the GC-MS vial. All extracts were analysed by GC-MS using an 
Agilent 6890 GC-5973 MS equipped with a J&W DB-1701 capillary column (30 m, 
0.25 mm i.d., 0.25 μm film thickness) and an Agilent 7683 auto-sampler. The column 
flow was 1 ml/min. Samples were analyzed using selected ion monitoring at m/z = 
161, 231 and 246 of AC and at m/z = 167, 234, 252 of d6-AC. The ionization mode 
was electron impact (70 eV), the ion source temperature was 230°C, and the dwell 
time was 50 ms/ion. The samples were injected splitless (250 °C, 1 μL) into the 
column, and the oven program was isothermal at 35°C for 1 min, 20°C/min to 165°C 
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for 7.5 min, 5°C/min to 200°C for 5 min and 20°C/min to 280°C for 5 min. 
Statistics 
Two-way analysis of variance (two-way ANOVA) was performed to evaluate 
interactions of density and sediment-associated AC on population biomass and 
individual wet weight. One-way analysis of variance (ANOVA) was used to test for 
significant AC- or density effects on population biomass and individual wet weight. 
Data are presented as mean (± 1 standard deviation). Turkey’s HSD test was used to 
test for significant difference in population biomass, and individual wet weight among 
treatments. Student’s t-tests were used when only two groups were involved. Statistics 
are presented as p-value for ANOVA tests and Student’s t-tests.  
 
Table 1. The measured acetyle cedrene (AC) concentration in both experimental sediments (n=3). The 
detection limit of AC on GC-MS was 8 pico g (pg). 
 
 
Organic matter 
content 
% 
Initial body size 
mm3 
Nominal AC 
μg/g dry wt sed 
Measured AC 
μg/g dry wt sed 
 
High food 
level 
 
0.157±0.120 
(n=21) 
0 Not detectable 
Experiment 1 4.0±0.11 50 33.6±5.5 
  100 77.9±4.0 
          
Experiment 2 
Low food 
level 
2.7±0.5 
0.233±0.164 
(n=20) 
0 Not detectable 
100 81.0±2.1 
 
RESULTS  
General 
Organic matter content & AC exposure level at experimental beginning. The organic 
content of sediment in experiment 1 was 4.0% (±0.1%; n=3), and 2.7% (±0.5%, n=3) 
in experiment 2 at experimental beginning. Compared to experiment 2, the organic 
content in experiment 1 was higher. Therefore we will refer to the different food 
levels in the two experiments as high food level (experiment 1) and low food level 
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(experiment 2). The initial actual AC concentrations in the sediment in both 
experiments are shown in Table 1. Unless otherwise stated AC will refer to the parent 
compound. The highest actual sediment concentration (i.e., nominal 100 μg AC/ g 
dw sed) did not differ between the two experiments (Student’s t-test: p=0.288, n=6). 
Worm survival. After 2-weeks of exposure, all of the worms survived at the high food 
level except for in the highest AC concentration at the highest density, where survival 
was reduced to 96.1% (± 8.4%, n=3). Density had a significant effect on the final 
worm number at both food levels (ANOVA, p<0.001 for both food levels), such that 
more living worms in low density compared to high density at both food level except 
the low AC exposure concentration (higher survival percentage at high density). 
Table 2. Survival of Capitella sp. I and living worm numbers in experiment 1 and 2 at day 14 (n=3). 
‘-‘ means no worms was added into the treatment (two-sample t-test, p=0.055). 
Nominal 
density 
Nominal AC 
conc.  
μg AC/g dw sed 
Experiment 1  Experiment 2 
No. of living 
wormsa 
Survival 
percentage (%) 
No. of living 
wormsⅠ 
Survival 
percentage (%) 
55 0 58±0 105.5%±0.0%  54±0 98.2% ± 0.0% 
110 0 114±4 103.3%±3.2%  107±2 97.0% ± 1.4% 
55 50 56±2 101.8%±3.1%  - - 
110 50 113±3 102.4%±2.3%  - - 
55 100 60±4 109.7%±6.4%  55±3 100.0% ± 5.5% 
110 100 106±9 96.1%±8.4%  105±3 95.8% ± 2.8% 
a. More worms survived than the nominal density, which may be caused by ① not exact counts of 
worms transferred into exposure systems at the experiment beginning, because the tiny juvenile hiding 
in burrow tubes were difficult to observed; and ② reproduction (in later text) may contributed to the 
survived worms number at experiment termination. 
Exposure to acetyl cedrene had no effect on final worm number at either food level 
(Student’s t-test: p=0.992 of low food level & ANOVA: p=0.634 of high food level). 
No interaction of density and food level was detected on the final worm number 
(2-way ANOVA: p=0.779). The reduced model was performed and showed effects 
from density and food level (ANOVA: p<0.001 of density and p=0.028 of food level), 
which elucidated worm survival at low food level was lower than 100% (except for 
the high AC exposure concentration at low density treatment) for all treatments (Table 
2). In addition, there was no significant difference between different food levels on 
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worm survival (Student’s t-test: p=0.687) when the data were pooled among 
food-levels to detect any effect of food level on survival at the experiment 
terminations.  
Reproductive output. Brooding tubes were observed only at the high food level and 
only at low density, which suggest that the reproduction in present studies is related to 
both food level and density (Table 3).  
Table 3. The number of total brooding tubes in experiment 1 at the experiment termination. 
Norminal AC Conc. 
μg/g dry wt sed 
Density 
Individuals/beaker 
Brooding tubes 
per treatment 
0 55 1±1 
0 110 0±0 
50 55 1±1  
50 110 0±0 
100 55 1±1  
100 110 0±0 
 
Population biomass (wet weight, ww) and individual wet weight (ww) 
At the high food level, there was no interaction effect of AC and density on the 
population biomass of Capitella sp. I (wet weight, ww, 2-way ANOVA: p= 0.500). A 
reduced model showed that both AC and density affected the population biomass 
significantly (ANOVA: p=0.013 from AC and p<0.001 from density), such that the 
biomass was higher at the high density compared to at the low density, and that wet 
biomass increased with increasing AC concentration in the sediment (Figure 1 a). 
There were a marginally significant interaction effect between AC exposure and worm 
density on individual ww (2-way ANOVA: p=0.098) (Figure 1 b). Since it is very 
close to be non-significant, a reduced model was run and there was significant effects 
of density and AC exposure (ANOVA: p=0.002 of both factors). Individual ww 
increased with increasing AC concentration and the increase was fastest for worms in 
the low density treatments, which resulted in a higher ww in these worms compared 
to worms in the high density treatments. 
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 (a)                                            (b) 
              
                       (c)                                            (d) 
Figure 1. Population biomass and individual wet weight (ww) at high and low food levels after 14 days 
exposure to acetyl cedrene. (a) Population biomass at high food level, plotted agaist AC concentration 
(μg AC/g dw sed);  (b) Individual ww at high food level, that of density 55 at high AC concentration 
(‘*’) is different significantly from that of control at same density (Tukey HSD: p=0.002); (c) 
Population biomass at low food level & (d) Individual ww at low food level; ‘%’ means the treatment 
was deleted from result analysis.  
 
At the low food level, the low density biomass of the population and individuals in 
control was omitted from the comparison within and between experiments (Figure 1 c 
& d: ‘%’). One of the reasons is that both the population- and individual ww was 
higher in the control group in low organic sediment compared to in the high organic 
sediment which is unlikely since these worms are offered less food compared to in the 
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high organic sediment. Thus worm biomass in the low food treatment should be 
smaller (less food) or at the same size as in the high food experiment (e.g., if they 
increased feeding rate and thereby potentially increased food intake). However, 
feeding rate was not affected by organic matter content in the sediment (see below). 
The other reason was that the difference between worm body volume at the 
experiment beginning in two experiments, that the worm was only 67 % body volume 
at high to that at low food level. Therefore, these data was subtracted from the 
analyses. The population biomass increased with increasing AC exposure 
concentration at high density but not significantly (Student’s t-test, p=0.138). Under 
increasing the AC exposed concentration, the individual ww also increased at high 
density (Student’s t-test: p=0.120) (Figure 1 d). 
There was no significant reduction in population biomass at the highest AC in the low 
food- compared to in the high food treatment (Student’s t-test: Low density: p=0.087; 
High density: p=0.999).  
Feeding rate 
There was no interaction between AC and density for the total production of fecal 
pellets (FPs) either at the high food level (2-way ANOVA: P=0.108) or the low food 
level (2-way ANOVA: P=0.588). Thus, for data pooled within experiments a mean 
fecal pellet production (mean±sd, g dw FP per day) of 0.052 (±0.016, n=17) and 0.060 
(±0.021, n=12) was found at high- and low food-levels, respectively. A comparison 
between the two experiments, showed that there was no effect of food level (Student’s 
t-test: P=0.228) on feeding rate. 
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Table 4. AC budget at both food levels. The exposure system was split into 4 compartments: sediment, water phase, fecal pellets and worm tissue at day 14. The budget was 
calculated as: difference Δ= total AC at experiment beginning (at day 0) – AC amount in sed (at day 14) – AC amount in water (at day 14) – AC amount in fecal pellets (FP, 
at day 14). Total AC = [AC]measured*initial sed dw; AC in sediment at day 14 = [AC]sed*sed dw at day 14; AC in water phase = [AC]water*30 mL overlying water; and AC 
in Fecal Pellets compartment at day 14 = [AC]FP*total FP dw in 14 days. The concentration of acetyl cedrene in worm tissue at day 14 was below detection limit (9 pico g). 
 
(a) At high food level (i.e., Experiment 1, sediment organic matter content of 4%) 
 
Nominal 
AC 
conc 
nominal 
density 
Day 0 
 
Day 14 
 
Δ 
[AC]measured initial sed Total AC 
 
sed dw [AC]sed AC sed [AC]water AC water FP*  [AC]FP AC FP 
 
difference  
μg/g dw sed g dw Μg 
 
g μg/g dw sed μg  ng/mL μg g dw μg/g dw μg  
 
μg 
0 0 undetectable 6.9±0.0 
  
5.9±0.1 undetectable 
 
undetectable 
 
- - - 
  
0 55 undetectable 6.9±0.0 
  
5.8±0.4 0.0±0.1 0.2±0.4 undetectable 
 
0.7±0.2 undetectable 
  
-0.2±0.4 
0 110 undetectable 6.9±0.0 
  
5.7±0.4 undetectable 
 
undetectable 
 
0.5±0.2 undetectable 
   
50 0 33.6 6.8±0.0 228.9±0.1 
 
6.3±0.1 26.9±0.7 170.5±6.1 2.3±4.0 0.1±0.1    - - - 
 
58.4±6.1 
50 55 33.6 6.8±0.0 229.2±1.0 
 
5.7±0.3 0.1±0.0 0.8±0.2 undetectable 
 
0.8±0.1 2.4±0.3 1.8±0.1 
 
226.7±0.9 
50 110 33.6 6.8±0.0 228.8±0.2 
 
5.8±0.1 0.1±0.0 0.4±0.3 undetectable 
 
0.9±0.2 1.9±0.4 1.8±0.7 
 
226.6±0.3 
100 0 77.9 6.7±0.0 525.3±1.2 
 
6.4±0.2 57.2±2.6 364.1±22.8 14.0±11.0 0.4±0.3 - - - 
 
160.7±21.8 
100 55 77.9 6.8±0.0 528.0±0.9 
 
5.7±0.7 0.7±0.4 4.3±2.8 1.3±2.3 0.0±0.1 0.7±0.1 23.3±13.5 16.0±6.6 
 
507.1±21.8 
100 110 77.9 6.8±0.0 527.6±1.0 
 
5.5±0.3 0.2±0.2 1.1±1.0 undetectable 
 
0.9±0.2 5.7±1.0 5.2±1.4 
 
521.3±1.1 
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(b) At low food level (i.e., experiment 2, sedimentorganic matter content of 2.7%) 
 
 
nominal 
density 
Day 0 
 
Day 14 
 
Δ 
Nominal 
AC conc 
Initial [AC} initial dw Total AC 
 
sed dw [AC]sed AC sed [AC]water AC water FP* [AC]FP AC FP 
 
difference 
 μg/g dw sed g Μg 
 
G μg/g dw sed μg ng/mL μg g dw μg/g dw μg 
 
μg 
0 0 undetectable 7.0±0.0 
  
7.1±0.3 undetectable 
 
undetectable 
      
0 55 undetectable 7.0±0.0 
  
6.0±0.2 undetectable 
 
undetectable 
 
1.0±0.2 undetectable 
   
0 110 undetectable 7.0±0.0 
  
6.0±0.6 undetectable 
 
undetectable 
 
0.9±0.3 undetectable 
   
100 0 81.0 6.6±0.0 538.0±2.3 
 
6.5±0.1 72.5±5.4 469.6±29.2 4.3±7.5 0.1±0.2 
    
68.3±28.0 
100 55 81.0 6.6±0.0 537.4±0.8 
 
6.0±0.2 5.3±2.9 32.3±18.3 6.3±10.9 0.2±0.3 0.7±0.4 59.4±36.7 33.7±11.9 
 
471.3±29.7 
100 110 81.0 6.6±0.0 538.5±1.7 
 
6.2±0.2 0.5±0.2 3.3±1.3 undetectable 
 
0.8±0.2 6.3±3.7 4.2±1.4 
 
531.1±4.1 
 
               
‘undetectable’ means the AC concentration was under detection limit; 
‘-’means that no fecal pellets was collected because no worm was added into the treatments. 
*FP was the total dry weight of fecal pellets produced in that treatment in 14 days.
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Acetyl cedrene fate 
The AC concentrations at the end of the experiments in four compartments and 
difference of total AC budget are shown in Table 4. The difference of AC budget was 
calculated on the total amount of AC in the exposure system (i.e., sediment) at 
experiment beginning minus the sum of amount of AC in sediment, water, fecal 
pellets and even worm tissues at the experiment termination. 
Sediment  
High food level: At high food level, a small amount of AC detected in control 
treatment containing worms (0.2±0.4 μg AC, Table 3a), may be caused by the 
contamination of AC from other samples during extraction preparation because AC 
was detected in only one of the three replicates with worms at low density (0.1 μg 
AC/g dw sed, not shown here). This situation has been observed earlier (Christian P, 
Roskilde University, Danmark) and cautions were made in preparing the extracts by 
washing all tools after each sample. Nevertheless, a small contamination is believed to 
have taken place in a single replicate. AC concentration in the rest of the control 
treatments with or without worm was undetectable (Table 4a).  
 
Figure 2. The AC concentration (μg AC/g dw sed) left in sediment component at day 14, plotted against the initial 
AC concentration at both food levels.  
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Density and AC exposure level significantly interacted to affect concentration of AC 
left in sediment compartment (2-way ANOVA: p=0.028). Worm density effect was 
observed as the final concentration in the sediment was much higher in systems 
without worms compared to systems with worms regardless of worm density and 
regardless of AC exposure (Figure 2). The AC concentrations in the treatments 
without worms after 2 weeks were 26.9 (±0.7) and 57.2 (±2.6) µg AC/g dw sediment 
in low and high AC concentration, respectively. Comparing to the AC exposed 
concentrations at day 0 (i.e., 33.6 and 77.9 μg AC/g dw sed), 28.1% AC was lost on 
average (25.5%, 30.6% at low and high concentration, respectively). There was less 
than 1% AC left in sediment in the treatments with Capitella sp. I (both densities) 
after 14-days of exposure compared to more than 70% left in systems without worms 
(Table 4a, Figure 2). However, no difference in low or high density was detected 
(Student’s t-test: p=0.101 at [AC]33.6 and p=0.064 at [AC]77.9) in concentration of AC 
left in sediment compartment after 14 days. 
Low food level: As was seen at the high food level experiment, AC and density also 
interacted to affect the concentration of AC left in sediment after 14 days of exposure 
in the low food-level experiment (2-way ANOVA: p=0.021), such that much less AC 
was left in sediment in systems with worms compared to systems without worms 
(Table 4b, Figure 2). Although the mean concentration of AC in the sediment at the 
high density was a factor of 11 smaller than at the low density, this difference was 
non-significant (Tukey HSD: P=0.121). Thus, as the density increased, more AC was 
transported out of the sediment compartment. This corresponds to 12% and 1% 
remaining in sediment at experimental termination at low and high density, 
respectively. At experimental day 14, the concentration was 72.5±5.4 (n=3) μg 
AC/g dw sed in sediment without worms which correspond to a reduction of AC 
amount of ca 13% compared to total AC amount at experimental beginning (i.e., 87% 
remains in the sediment). 
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Figure 3. The lost percentage of AC at day 14, compared to the total amount at experiment 
beginning in different density treatments. 
Compared to the initial exposure concentration at different food levels, more AC was 
lost in high food level (i.e., 30.6%) than in low food level (i.e., 12.7%) at highest AC 
concentration without Capitella sp. I (Figure 3, Table 4). The AC in each treatment at 
high AC exposure concentration was lost increasingly as the food level increased 
except at the highest density that almost all AC was lost at day 14 and thus there was 
no difference between food levels (Figure 3). 
Fecal Pellets 
High food level: There was a significant interactions between exposure level and 
density on the AC concentrations in fecal pellets at the high food level (two-way 
ANOVA: p=0.020). Within AC treatments, the highest concentration of AC in the 
fecal pellets was found in the high AC concentration than in the low AC concentration 
(i.e., approximately 10 times lower in low- compared to in high concentration at low 
density). There was also a difference within density treatments such that pellets in 
treatments at low density was higher than at the high density (a factor of 4 higher at 
high density than at low density in [AC77.9], Table 4a). 
Low food level: Because of lacking the AC exposure levels at low food level, only 
marginal density effect was detected at AC exposure (Student’s t-test: p=0.067). The 
concentration of fecal pellets associated AC at low density was 9 times more than that 
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in high density (Table 4b).  
Table 5. Factor of [AC] FP : [AC] Sed ratio in different density treatments based on Table III-4. 
Experiment Nominal AC Nominal Density Factor 
1 
50 
55 17 
110 30 
100 
55 32 
110 30 
2 100 
55 11 
110 12 
The concentration of fecal pellet associated AC was higher than that in bulk sediment 
after 14 days of exposure regardless of AC concentration and density (Table 4a), for 
example, there was a factor of 30 lower AC concentration in sediment than in fecal 
pellets at the high density at 50 μg AC/g dw sed (Table 5). Compared to low food 
level, the factors (in Table 5) was more higher in high food level, which was related to 
the amount of AC left in sediment compartment after 14 days exposure at low food 
level. 
Overlying water 
Little AC was found in overlying water after 14-days of exposure in either food level 
(Table 4). As shown in Table 4, there was a clear relation between AC concentration 
in the overlying water and treatment (i.e., density and initial sediment-associated AC 
concentration), such that an increase in worm density decreased the parent AC 
concentration in the water in generally. No AC was detected in treatments with high 
density regardless of sediment associated AC at experiment beginning. 
Worm tissues: The AC in worm body was under detection limit (9 pico g) in all 
treatments of both experiments, and data were therefore not presented. 
Budget: After 14 days exposure, most AC was found in sediment and little in 
overlying water phase in treatments absent of worms. In these treatments there were 
about 75% AC was lefts in the whole system compared to the initial amount spiked in 
the sediment at high food level and about 87% AC left at in the low food level 
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sediment treatments (Table 6). In the systems with worm disturbance, AC was 
primarily found in the fecal pellet and sediment compartments both as amounts (Table 
6) and as concentrations (Table 4) in the specific compartments. With increasing of 
worm density to 110 individuals’ treatments, concentration of AC was undetectable in 
the overlying water. Almost all AC was lost in the treatments with high worm density 
after 14 days (i.e., 99% in high density treatments at both food levels) (Figure 3). 
Moreover, food level also affected difference in AC budget marginally (Student’s 
t-test, p=0.088) when data was pooled together (mean±1SD: Low food level: 353.9
±218.8 μg, n=9; high food level: 213.3±198.9 μg, n=24). Density was not a 
factor to AC difference during 14 days (ANOVA: p=0.274) at high food level but a 
factor at low food level (Student’s t-test: p=0.027). Because at high food level, no 
difference in AC lost was observed between low and high density, and less amount 
AC loss at low density treatments compared to at high density in low food level 
(Figure 3). Furthermore, the AC concentration in specific compartments (sediment 
and fecal pellets) was higher at low density in low- than in high food level, which 
contributed to more AC left at that treatments (Figure 2, density 55 at 81.0 μg AC/g 
dw sed). Overall, there was less than 15% parent AC left in system with worms after 
14 days of exposure. 
 
Table 6. The contribution (%) of AC left at day 14th in compartments-sediment, overlying water and 
fecal pellets (FP) to the total AC amount at the experiment beginning (1SD). 
Food level 
Initial [AC} 
μg/g dw sed 
density Sediment (%) Water (%) FP (%) 
High 
33.6 
0 74.5 (2.7) 0.0 (0.1) 0.0 (0.0) 
55 0.4 (0.1) 0.0 (0.0) 0.8 (0.0) 
110 0.2 (0.1) 0.0 (0.0) 0.8 (0.3) 
 0 69.3 (4.2)  0.1 (0.1)  0.0 (0.0)  
77.9  55 1.0 (0.6)  0.0 (0.0)  3.0 (1.2)  
 110 0.2 (0.2)  0.0 (0.0)  1.0 (0.3)  
Low 
 0 87.7 (5.8)  0.0 (0.0)  0.0 (0.0)  
81.0  55 6.0 (3.3)  0.0 (0.0)  6.3 (2.2)  
 110 0.6 (0.2)  0.0 (0.0)  0.8 (0.3)  
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DISCUSSION 
General 
The results showed that worm survival was negatively related to density effect that 
more living worms at low density treatment and at high food level (more organic 
matter content). Pesch et al. (1987) studied the density effects on life traits of 
Neanthes arenaceodentata and found a decrease in survival with increasing density. 
Ramskov & Forbes (2008) examined the effect of sediment organic matter content 
(OM) on life history traits of Capitella sp. I, and found that the more organic matter 
(≥0.75% OM in dw of sediment) in the sediment the higher the juvenile survival 
(survival of 65-73% at ≤0.25% OM in dw of sediments compared to a survival at 
more than 93% at ≥0.75% OM in dw of sediment). Although food levels did not affect 
survival at significant levels in the present experiments, a reduction was still observed 
in the low- compared to the high food level treatments, which is consistent with the 
observations of Ramskov & Forbes (2008). Generally, Capitella sp. I selectively feed 
on fine, organic enriched particles in sediment (Landrum & Robbins 1990). Due to the 
experimental design in the present study, in which experimental sediments were not 
changed during the experimental period, the organic matter content may have 
decreased in sediments towards experimental termination. Therefore worms may have 
suffered from limited food availability in the present study, especially in treatments of 
high population density (i.e., competition). Capitella sp. I is somewhat transparent 
which allows for an investigation of the fecal pellets in the worm gut. Thus, it is 
possible to assess if the worms are feeding during the experiment by the amount of 
fecal pellets in the gut. At day 14, a visual comparison between worms in the two food 
levels reviled that worms in both treatments were feeding (pellets observed in the gut) 
and that worms at the high food level contained more pellets than worms in the low 
food level. Only a little amount of unused sediment was left in the beakers at 
experimental termination but since the sediment was not fully pelletilized and the 
worms had fecal pellets in their gut it indicates that the worms did not experience food 
limitation during the exposure duration. However, the population at low food level 
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suffered from limited food source to a higher extent than worms at high food level. 
There were no effect of exposure to sediment associated AC on survival at higher 
food level, which is in accordance with other studies from our laboratory showing no 
increased mortality of sediment-associated AC on Capitella sp. I in systems with a 
100 % natural organic matter (Petersen et al. In prep.). 
In the present study the reproduction of Capitella sp. I was negatively density 
dependent regardless of AC exposure concentrations as the population density 
depressed reproduction by prolonging the time to first reproduction at increasing 
densities (i.e., no brooding tubes was observed at high density treatments at day 14). 
The relationship between food availability and reproduction has been well illustrated 
for polychaetes (Linton & Taghon 2000; Levin & Creed 1986; Qian 1994). 
Reproduction of Capitella sp. I was positively related to the organic matter content, 
that as the percentage of natural organic matter in test systems, the reproduction was 
decreased significantly (Linton & Taghon 2000). Qian (1994) studied the effect of 
food quantity on reproduction of Capitella spp., and reported that Capitella capitata 
followed the major trend that reproductive output increased with increasing food 
availability. This result support the higher reproduction in the high food experiment 
compared to the low food experiment in the present study. Furthermore, when the 
population density is low, the food availability for individuals is relatively higher than 
at high density, therefore density dependent reproduction was observed in present 
studies only at high food level. However, the body size at first reproduction (here 
measured as individual ww) at low density was significantly lower in the control (0 
μg AC/g dw sed) compared to the highest AC exposure (77.9 μg AC/g dw sed) 
(Tukey HSD test: p=0.002). Moreover, the comparison of same treatment at different 
food level didn’t show any difference between their individual body size (i.e., [AC77.9]: 
low vs high food: Student’s t-test: p=0.487) but no reproduction was observed at low 
food level regardless of worm density. Therefore, a possible explanation may be that 
the energy allocation between growth and reproduction changed with increasing AC 
exposure. And it may be that Capitella sp. I can utilize AC as a carbon source and 
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incorporate it into biomass because no negative effect of AC on reproduction was 
detected. However, more information is needed for AC effects on energy allocation 
and whether the polychaete can use it as carbon source or not. Linke-Gamenick et al. 
(1999) studied the combined effects of population density (3 different levels) and a 
toxicant (sediment-associated fluoranthene (Flu) at 4 different concentrations) on 
life-history traits of Capitella sp. M. They found that at high population density 
toxicant effects on for instance time to first reproduction and number of larvae per 
brood were ameliorated at low Flu exposure and that toxicant effect were exacerbated 
at high Flu exposure. The discrepancy between their results and the results of the 
present study could be contributed to the sediment organic matter content (about 
1.75% in Linke-Gamenick et al. (1999) versus 2.7% and 4% in the present study), 
species-specific differences (Capitella sp. I is the most tolerant sibling species in the 
Capitella capitata species complex) and differences in population densities ((i.e., 
15,790-36,842 individuals/m2 in Linke-Gamenick et al. (1999) versus 87,535 
individuals/m2 as high density in the present study).  
Biomass 
Overall, the population biomass was highest in treatments with a high density of 
worms compared to treatments with a low density of worms. However, individual 
biomass was much higher in individual worms in the low- compared to high density 
treatments regardless of AC exposure. The following is consistent with our 
observations: no food limitation at experiment termination and density-dependent 
food availability for individuals. Assuming no food limitation, individual worms in 
the population with higher density may be capable of feeding on organic rich particles 
for growth but at a relatively lower rate compared to low density population. It may 
be related to longer food searching time and an inherent increasing energy cost of 
searching as well as a higher food competition at high density (Kreb 1994).  
The total feeding rate was on the same level regardless of population density, AC 
exposure concentration or food level, suggesting that energy intake was not increased 
in relation to treatment. Spies et al. (1989) investigated the stable isotope analyses of 
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worms in field experiments shown that Capitella species, living in the vicinity of oil 
seeps, can utilize petroleum as a carbon source. Hansen et al. (1999) studied the 
effects of Capitella sp. I on sediment-associated di(2-ethylhexyl) phthalate (DEHP) 
and found that worm metabolism of DEHP may account for 19% of total 14CO2 
release in the high worm density (15,000 individuals/m2) microcosms, where the total 
14C lost as 14CO2 after 22 days was 12.8% of total nominal amount of 14C-DEHP 
added. Forbes et al. (1996) studied the possibility that Capitella sp. I used 
14C-fluoranthene as carbon source and they only detected that less than 1% of the 
ingested 14C-fluoranthene was respired as CO2. A big difference in present study from 
theirs is that we used a much higher worm density (ca 44,000 and 88,000 ind/m2) 
compared both to 15,000 worms/m2 in Hansen et al. (1999) and 5,000 worms/m2 in 
Forbes et al. (1996). In addition, many reports exist on the high biotransformation 
capability of Capitella sp. I on PAHs (Forbes et al. 2001; Selck 2002). Therefore, 
because Capitella sp. I can biotransform compounds with varied molecular structure, 
it’s possible that Capitella sp. I can mineralize the fragrance material AC.  
Fate of sediment-associated AC 
The presence of worms significantly reduced the concentration of AC in the sediment 
compared to systems without worms. In addition, higher worm density significantly 
increased the removal of sediment-associated AC compared to lower density. 
Capitella capitata is one of the few organisms likely to dominate in sediment 
contaminated with toxic chemicals (e.g., sewage and harbor) and the population 
density reach as high as 400,000 individuals per m2 (Méndez et al. 1997). Thus, the 
implications from the present study is that Capitella play a key role in the degradation 
of organic contaminants, like AC, in the aquatic environment. Densities of 43,768 and 
87,535 individuals/m2 were used in the present study, which is the first study with 
such high densities. 
Capitella sp. I has an amazing influence on the AC in sediment, where more than 88% 
percent of parent AC disappeared out of the sediment system in the presence of the 
worms. Almost all remaining parent AC was transported into the overlying water 
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phase and fecal pellets. However, the concentration in the overlying water was very 
low (less than 15 ng/L). The downward transport of sediment associated AC to depth 
is not an issue in the present study because only a small amount of sediment was used 
compared to such high densities. Such high removal of AC can be explained by (1) 
microbial degradation and mineralization, (2) uptake and biotransformed by Capitella 
sp. I, and (3) Capitella sp. I bioturbating flux into water phase (Table 4). 
Selck et al. (In prep.) found that sediment-associated AC (0.1 and 100 ug AC/g dw 
sed) resulted in the growth of sediment-associated microbial species regardless of 
absence (i.e., no macrofauna) or presence of worm species (Capitella sp. I, Capitella 
sp. S). The growth of new bacterial species in relation to toxicant exposure is believed 
to be due to a capability of the specie to biodegrade the toxicant and thereby use it as 
a carbon source (Selck et al. In prep.). It is also shown that 82% of mineralization of 
14C-DEHP into CO2 was contributed by microbes (Hansen et al. 1999). In the 
treatment without Capitella sp. I, the loss of AC was more than 10%, which suggest 
that microbes may contribute to at least some of the loss. It has been demonstrated 
very well that PAHs are degradable by microbes, and that this degradation was 
increased at the sediment surface and at burrow linings of macrofanua (Madsen et al. 
1997; Granberg et al. 2005, Gordon et al. 1978; Gardner et al. 1979; Gilbert et al. 
1994). The increased mineralization and degradation was caused by enhanced oxic 
conditions, such as burrows and mucus-enriched zones (Aller & Aller 1986). The high 
density used in the present experiments will have increased the oxic zone dramatically 
and thereby have increased the importance of oxic dependent microbial processes for 
the degradation, and thereby fate, of AC in the environment. 
Capitella sp. I has been reported to biotransform fluoranthene (Flu), a well studied 
toxicant, into water soluble and polar forms. Selck et al. (2003) studied the fate 
sediment associated Flu after 10 days exposure and found that sediment associated 
Flu was biotransformed into about 23% of aqueous Flu metabolites and about 14% of 
polar Flu metabolites and redistributed in overlying water, pore water and sediment 
compartments, which was calculated on the given information in the paper. In 
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addition, aqueous metabolites was dominant in overlying water phase, and most 
parent Flu dissolved in pore water and absorbed on particles in sediment. Furthermore, 
Forbes et al. (2001) analyzed the metabolites of Capitella sp. I after 96 hours of 
exposure in Flu contaminated sediment and found a total of 36 metabolites (i.e., 
HPLC analysis) were attributed to worm metabolites of Flu of which two of the 
metabolite peaks were identified tentatively.  
In addition, inducible degradation of Flu by Capitella sp. I has been reported by 
Forbes et al. (1996). The authors found no tissue concentration of Flu after 7 days of 
exposure. In our studies, the body burden of AC was undetectable after 14 days. Thus, 
time dependent degradation by worms may be important. Selck et al. (In prep.) found 
no accumulation of AC in Capitella sp. I exposed to sediment associated AC for 14 
days whereas a significant accumulation was detected in the more sensitive Capitella 
sp. S, which has been found to have a limited capability of biotransforming organic 
contaminants (Bach et al. 2005). Bach et al. detected that 11% Flu was 
biotransformed into aqueous and polar FLU metabolites during 15 days by Capitella 
sp. S, where as much as 62% Flu was biotransformed by Capitella sp. I. Another 
explanation to the low body burden in Capitella sp. I may be that these worms can 
avoid feeding contaminated sediment. However, this is not a likely explanation in the 
present study because a high concentration of AC was detected in the fecal pellets of 
Capitella sp I. Therefore, Capitella sp. I is believed to be able to biotransform AC 
actively. 
It is clear from the above described studies that Capitella sp. I is capable of 
effectively metabolize contaminants, such as Flu, and furthermore that metabolites 
can be found in different compartments (e.g., sediment, water and animal tissue), and 
that biotransformation capabilities seem to vary widely both among and within 
species. In the present study, only the presence of parent AC was measured. Therefore 
it is, at present, not possible to conclude whether Capitella sp. I is able to 
biotransform AC into metabolites or to estimate the amount and distribution of AC 
metabolites in different environmental compartments. Results from other studies (see 
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above) implicates, however, that this seems likely. As measurement of AC metabolites 
in the different compartments would provide additional information about exposure 
level and the extent to which biotransformation is important as an elimination 
mechanism for AC (and other fragrances), we have planned for future experiments to 
be devoted into this area of research. 
Bioturbating macrofauna has been reported to increase the flux of contamination to 
the water phase by increasing porosity (Aller 1982). In the present study, Capitella sp. 
I may have changed the sediment structure and porosity through burrowing, 
defecation at the sediment surface and big size of fecal pellets. Furthermore, 
bioturbation may have enhanced the transportation of dissolved AC in pore water into 
water phase. Clements et al. (1994) reported that the presence of Chironomus riparus 
increased the release of benz[a]pyrene (BaP) into the overlying water phase and that 
high density of C. riparus increased the released of BaP further. However, in our case, 
the concentration of parent AC in water phase after 14 days of exposure was very low, 
and none of it was detectable at high density treatments. Released AC from sediment 
may sorb to particular particles or colloids which subsequently may re-precipitate on 
sediment surface because of the low water solubility (1.28mg/L, Meylan et al. 1993) 
of AC. However, in the present study there was almost no AC left in sediment with 
presence at the highest density of Capitella sp. I regardless of initial 
sediment-associated AC concentration. 
In the present study, most of AC was detected in the sediment and fecal pellets 
compartments at experimental termination. The highly AC-concentrated fecal pellets 
and high density treatments (ca 44,000 and 88,000 ind/m2) indicated significant 
transportation of sediment associated AC to sediment surface through fecal pellets. 
Capitella fecal pellets are very robust and can persist in the environment for a long 
time (half-life of 5-33 years) (Gallagher & Keay 1998). Therefore it is possible that 
there will be a continuous leak of AC to aquatic environment in addition to the 
organisms feeding on fecal pellets, may increase the AC bioavailability in aquatic 
environment. Furthermore, the persistence of fecal pellets, Capitella sp. I population 
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size and concentrated AC in faeces may pose new requirements for risk assessment of 
acetyl cedrene.  
CONCLUSION 
In the present study, Capitella sp. I showed an effect on the fate of the sediment 
associated fragrance material AC. Capitella sp. I population density acted differently 
on the removal of sediment associated AC, such that less than 5% sediment associated 
AC was left in systems with high organic matter content (4% OM) regardless of worm 
density, whereas about 2% and 15% AC were left in systems of low organic matter 
contents (2.7% OM) at low and high worm densities, respectively. Thus, population 
density clearly contributed to the removal of AC from the sediment compartment. The 
removed AC from sediment compartment was packed into fecal pellets to a high 
degree, a factor of 11 to 32 higher compared to the surrounding sediment in 
simulating different habits (i.e., the two experiments differed in sediment organic 
matter content). In addition, little AC was detected in overlying water and no AC was 
found in worm tissue. Thus, the implications from the present study is that Capitella 
play a key role in the degradation of organic contaminants, like AC, in the aquatic 
environment.  
After 14 days exposure to sediment-associated AC, no interactions of AC and density 
was observed at any measurement endpoints (i.e., population biomass, individual ww, 
reproduction etc.). As the unusual big population biomass in control group with 55 
worms at low organic matter content, the data wasn’t enough to compare to those at 
high organic matter content. AC posed a positive effect on both population and 
individual ww at high organic matter content whereas density showed a negative 
effect on both wet weight (i.e., individual and population). This density dependent 
food availability for individuals wasn’t intense at high density when the organic 
matter was decreased. However, the mechanism of why population biomass increased 
with AC exposure level is unknown at high organic matter content. Capitella sp. I is 
one of the dominating organisms thriving in the organically enriched habitats just 
outside sewage outlets. Thus, since one of the most significant results from the present 
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study is that worm presence affect the persistence of sediment-associated AC by 
increasing the removal (e.g., by biotransformation) severely, this may have 
implication for risk assessment of sediment-associated organic contaminants. 
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